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Abstract We study physical processes around a rotat¬ 
ing black hole in pure Gauss-Bonnet (GB) gravity. In 
pure GB gravity, gravitational potential has slower fall 
off as compared to the corresponding Einstein potential 
in the same dimension. It is therefore expected that the 
energetics of pure GB black hole would be weaker, and 
our analysis bears out that the efficiency of energy ex¬ 
traction by Penrose process is increased to 25.8% and 
particle acceleration is increased to 55.28%, and opti¬ 
cal shadow of the black hole is decreased. These are the 
distinguishing in principle observable features of pure 
GB black hole. 


1 Introduction 


From all the generalizations of Einstein gravity what 
distinguishes the Lovelock gravity is its remarkable prop¬ 
erty that the equation of motion always remains second 
order. This happens despite the Lagrangian being poly¬ 
nomial in Riemann curvature. It is the underlying dif¬ 
ferential geometric structure that is responsible for this 
unique remarkable property, discovered by Lovelock [1] . 
Lovelock action S which is a homogeneous polynomial 
of degree N in Riemann curvature reads as 

-5 = J ^nCn^ d^x , ( 1 ) 


where the Lagrangian is given by 


Cn = 




( 2 ) 
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and Ajv are coupling constants. In this action N = 
0,1, 2,... respectively correspond to d, the usual Einstein- 
Hilbert, Gauss-Bonnet and so on. However higher order 
Lovelock terms in action make non-zero contribution 
only in dimensions > 4. That is Lovelock is the natural 
higher dimensional generalization of Einstein gravity. 


It is well-known that particle physics theories, in 
particular string theory, call for higher dimensions as 
demanded by physical symmetries. Besides one of us 
had also articulated some purely classical considera¬ 
tions for higher dimensions mm- One of the most con¬ 
vincing arguments goes as follows [1] . It is customary to 
consider high energy effects of a theory by taking higher 
power of the basic variable. In the case of gravity, the 
basic physical entity is Riemann curvature and hence 
to take into account high energy effects, we should in¬ 
clude higher powers of it in the action. However if we 
demand that the equation of motion should not change 
its second order character, then we are uniquely led 
to Lovelock action which is pertinent only in higher 
dimensions. That is high energy effects of gravity are 
accessible only in higher dimensions. Thus it makes a 
good case for studying gravity in higher dimensions. 

Note that in the above action, there is sum over 
N and each term has a dimensionful coupling constant 
which cannot be determined because experiment can 
determine only one constant. To make problem tractable, 
it was assumed, for obtaining dimensionally continued 
black holes [5], that all the couplings were given in 
terms of the unique ground state A. On the other hand, 
there is a strong case made out for pure Lovelock grav¬ 
ity lilZ] where there is only one fVth order term in 
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the action with A. That is, it does not include even 
the usual Einstein-Hilbert term. This has remarkable 
unique property that gravitational dynamics is distin¬ 
guished in all odd and even dimensions [7]. In all odd 
D = 2N + 1 dimensions, gravity is kinematic meaning 
A^th order Lovelock analogue Riemann tensor vanishes 
whenever the corresponding Ricci tensor vanishes [5]. 
This of course includes the usual 3 dimension for which 
Riemann tensor is entirely given in terms of Ricci ten¬ 
sor showing kinematic property of Einstein gravity for 

= 1. It is thus a universal feature of pure Lovelock 
gravity. We will therefore adhere to pure Lovelock gen¬ 
eralization for exploring gravity in higher dimensions. 

Rotating black holes are by far the most exciting 
objects as they offer a rich arena of interesting physical 
processes of astrophysical importance in the usual four 
spacetime dimensions. These include high energy exotic 
objects like quasars and active galactic nuclei (AGNs) 
with their energetic jets, energy extraction processes 
by Penrose process [5] and its magnetic version nnum 
imainiiin] and Blandford-Znajek mechanism |I6) and 
particle acceleration m as well as optical shadow of 
black hole, see, e.g., The possi¬ 

bility to obtain ultra-high energy particles and the ap¬ 
pearance of Keplerian discs orbiting Kerr superspinars 
have been studied in [251126] . Keeping in view physical 
richness and astrophysical significance of rotating black 
holes, it would be pertinent to probe these interesting 
properties for higher dimensional rotating black holes. 
As argued above, in higher dimensions, pure Lovelock 
gravity enjoys an unique special position in view of its 
universal characteristics for all odd and even dimen¬ 
sions. It would therefore be pertinent to study inter¬ 
esting physical and astrophysical phenomena for a pure 
GB rotating black hole in six dimension. Apart from 
astrophysical motivation for this study, there is a fun¬ 
damental question of what shape gravitational dynam¬ 
ics takes in higher dimensions? For instance in Einstein 
gravity, gravitational field becomes stronger as dimen¬ 
sion increases which implies that there can exist no 
bound orbits in dimension greater than four while for 
pure Lovelock gravity, it becomes weaker with dimen¬ 
sion and hence bound orbits continue to exist in all even 
dimensions Ell- 

Very recently, a rotating black hole metric has been 
obtained m to describe an analogue of Kerr black 
hole in pure GB gravity in six dimensions. Though it 
is not an exact solution of the pure Lovelock vacuum 
equation, it has all the desirable and expected features 
and it satisfies the equation in the leading order. In this 
paper, we wish to study energetics of pure GB rotating 


black hole by employing this metric. Our study yields 
results which are in tune with the general properties of 
a rotating black hole and hence it further lends support 
to the metric for its viability. 

Note that Einstein gravity is vacuous in two, kine¬ 
matic in three and becomes dynamic in four dimensions, 
and it is pure Lovelock of order N = 1. The universal¬ 
ization of this general gravitational feature means grav¬ 
ity should respectively be vacuous, kinematic and dy¬ 
namic for D = 2N, 2N+1, 2N -|- 2. This uiniquely picks 
out pure Lovelock gravity; i.e. pure Lovelock should be 
the gravitational equation in higher dimensions. That 
is in all odd and even D = 2N -|- I, 2N + 2 dimenisons 
gravitational dynamics should be similar [29] . This is 
what has been verified in various situations; for instance 
black hole entropy is always proportional to square of 
horizon radius m and bound orbits around static 
black hole exist only for the pure Lovelock gravity in 
all even D = 2N -|- 2 dimensions m- This motivates us 
to examine this general feature in all possible situations 
and that is what we wish to do it in this paper. We shall 
therefore study all the usual physical processes like en¬ 
ergy extraction. Hawking radiation, optical shadow and 
particle acceleration for a pure GB rotating black hole 
P5] and compare them to that of a rotating black hole 
in the usual four dimensional spacetime. This is the pri¬ 
mary aim of the paper. 

The paper is arranged as follows: the rotating black 
hole metric is discussed in Sec. [2] while in Sec. jS] we an¬ 
alyze the geodesic equations for circular orbits which is 
followed by discussion of optical shadow of black hole 
in Sec. S) Next we study energy extraction processes 
through BSW effect and Penrose process. We conclude 
with a discussion. Throughout the paper, we use a sys¬ 
tem of units in which the GB coupling constant and 
velocity of light are set to unity. 

2 Pure GB rotating black hole metric 

We wish to consider a pure Gauss-Bonnet rotating black 
hole in the critical 6 dimension (in odd d = 5 GB grav¬ 
ity is kinematic; i.e. GB flat and it becomes dynamic in 
even d = 6 [7]). There does not exist an exact solution 
of pure GB vacuum equation for an axially symmet¬ 
ric spacetime representing a rotating black hole. This 
is simply because the equations are very formidable to 
handle. However for Einstein gravity in 4 dimension 
there is the well known Newman-Janis algorithm for 
converting a static black hole into a rotating one with¬ 
out solving the equation. This may however not be ap¬ 
plicable for GB gravity and in higher dimension [30] . 
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Secondly one of us m has recently obtained the Kerr 
metric by appealing to the two simple physical consid¬ 
erations. One, it should incorporate Newton’s law in 
the first approximation, and second, since one is free to 
choose affine parameter for a null curve and hence the 
radial coordinate is chosen as affine parameter for radi¬ 
ally falling photon. For this, one begins with an appro¬ 
priate spatial geometry which has ellipsoidal symmetry 
and then implement these two common sense inspired 
physical considerations, and what results is the metric 
m considered here. This can describe a rotating black 
hole, though it is not an exact solution of pure GB vac¬ 
uum equation, yet it has all the features of the usual 
Kerr metric. It however does satisfy the equation in the 
leading order. It has all the characteristics of a rotat¬ 
ing black hole in existence of ergosphere, and the right 
limits; for a = 0 it reduces to pure GB static black hole 
while M = 0 leads to flat space. It is therefore perfectly 
appropriate metric for studying a rotating black hole 
in pure GB gravity. We shall thus employ this rotat¬ 
ing black hole metric for studying its various physical 
properties. 

The stationary axisymmetric metric for pure GB 
rotating black hole in the standard Boyer-Lindquist co¬ 
ordinates reads as m 


ds^ = — 


1 2 


dt — sin^ 6d4> 
2 


r 

A 


dr^ 


+Sd0^ 


sm 


(r^ -I- a^)d(j) — adt 


+r^ cos^ 6 [dip'^ + sin^ ipdx^] ; 


( 3 ) 


with 


with 


- 160^ -h ^ -f 4A , 

A 

27 

A^ = 1^0^- 64a® -f sVSa'^MD , 


D 


27 


M2 - 64a2 . 


The function under the square root in expression I 


3M2 2 /-M^-Sa^M 


is always negative and consequently r 3_4 is not real, 
while the function under the square root in expression 


3M2 2 /-M^-Sa^M 

F.(«,M) = ^-a^-- + y3^^ 


is non-negative for the range of rotation parameter | a | < 
3V3M/16 (see Fig. the equality indicates the ex¬ 
tremal value of the rotation parameter. It is that 
mark outer and inner horizons of the hole. The static 
limit is defined where the time-translation Killing vec¬ 
tor becomes null (i.e. goo = A — a? sin^ 0 = 0). The 
region bounded by the outer horizon and the static limit 
defines the ergosphere (See Fig. 1), the extent of which 
increases with the rotation a of the hole. 


3 Geodesics and circular orbits 


A = r‘^ + a^ - , 

Id = cos^ 9 , (4) 

where M and a have usual meaning of the total mass 
and specific angular momentum. 

The spacetime (| 31 ) has horizon when t = const be¬ 
comes null; i.e. A = Q which has the following four 
roots 


In order to study particle motion around six dimen¬ 
sional pure GB black hole we first write the Hamilton- 
Jacobi equation, 

da 2 ^ dxf^dx"^ ’ ^ ’ 

for Hamiltonian [5^1551151] : 


M C 


± 


3M2 


16 


— — 


C2 


V 3 


M3 - 8a^M 


8C 


M 

-3.4 = ^ - 
± 


C 

4^3 


3M2 C2 /-M3 - 8a?M 

“ “ “ 1^ “ ^ 8C 


( 5 ) 


( 6 ) 


S = -n?a — £t + C4> + Sr{r) + Sg{9)+Wx + T'^{'l') , ( 8 ) 

where m is mass, £ and C are conserved energy and 
angular momentum of the particle. 

The issue of the separability of the Hamilton-Jacobi 
equation in higher dimensional spacetime has been widely 
studied in the literature [5^1551151] . Particularly, the au¬ 
thors of the paper [5^155] have shown that the space- 
time metric ([31) is Petrov type D. 
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Fig. 1 The ergosphere for the different values of the spin parameter a: a/M = 0.1 (left panel), a/M = 0.3 (middle panel), and 
a/M = aextrIM = 3-\/3/16 (right panel). Red lines indicate static limit while dashed blue lines indicate horizon. 


3.1 Null circular orbits 


3.2 Timelike circular orbits 


For null geodesics (when m = 0), one can get the equa¬ 
tions of motion from the Hamilton-Jacobi equation 0 
as 


= a{C — a£ sin^ 6) 

d(7 

^ 

^ da ^ 


r 


Consider the equation of motion of test particle with 
nonzero rest mass at the equatorial plane (0 = 7 r /2 , 9 = 
0). The equations of motion take the following form 


—2 - a£) + — + a^)£ — aL 

sin 0 ki L 


zi 

„2 


(r^ -h a^)£ — a£(9) 


dt 


m-— = — 


£r‘^ - aCx/Mj^ + a^E E l) 


da 


da 
da 
da 

2 adi’ W 

COS 9 — = . , 

da sin 'tp 

where new functions lZ{r) and 0(0) 
n = [{r^ + a^)£ -aCp - A[]C + {C - a£f] , (15) 

0 = JC - l^[a£ sin"^ 9 - (16) 

sin 9 

are introduced. 

The conserved quantity W exists only when 9 1312 
and is similar to angular momentum. So called Carter 
constant /C characterizes together with the quantities 
f, W and £ the geodetic motion. The Carter constant 
is not related to any isometry of the space-time unlike 
the conserved quantities £, W and £. 

By defining ^ = Cl£, 77 = /C/£^ and = Wl£ and 
using Eq. (na we get for the circular orbits character¬ 
ized by 'R[r) = 0 and d'R{r)/dr = 0, 

'’^( 2 r -h 3r^/^) -h r^( 2 r — 5r^/^) 


dcj) £-h (a£ - £)Mi/2r--i/2 

TO— = 

da a 


( 10 ) 

( 11 ) 

( 12 ) 

(13) 

(14) 14ff = m 


a 


2 — j^ll2j.3j2 _j_ 


2 — j^l/2^3/2 _j_ J.2 




,( 19 ) 

( 20 ) 

( 21 ) 


I where 


(£ - a£) 2 Mi /2 



( 22 ) 


is the effective potential for radial motion. Note that 
for the orbits in the equatorial plane the new conserved 
quantity W does not appear in the equations of motion. 
In Fig.[2]the radial dependence of the effective potential 
of radial motion in equatorial plane has been shown for 
the hxed specific value of the rotation parameter a = 
M. The increase of the momentum of the particle leads 
to the increase of the peak of the potential: initially 
infalling test particles become bounded or escaped with 
the increase of the momenta. 

The conditions of occurrence of circular orbits are 


^{r,a) = 
r]{r,a) = 


a(3ri/2 — 2 r) 

8aV^/2-r4(2r-5ri/2)2 

a^(2r — 3r^/2)2 


(17) 

(18) 


dr 

da 


= 0 , Kff (0 = o . 


From these equations, it follows that energy £ and 
angular momentum £ of a circular orbit of radius Tc are 
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Fig. 2 The radial dependence of effective potential for the different values of angular momentum and rotation parameter. 
The left plot corresponds to the case when a varies and the graphs are plotted for the different values of rotation parameter: 
a/M = 0.1 (dotted line), a/M = 0.3 (dashed line), and a/M — aextr/M = 3-\/3/16 (solid line). The right plot corresponds the 
case to the case when L varies and the graphs are plotted for the different values of the angular momentum of the particle: 
LjMm = 1 (dotted line), L/Mm = 5 (dashed line), and LjMm = 10 (solid line) 


given by 


= 


= 


\12^ - ny - - 1)2(4^? - 

±4ar^/'‘(a^ - + r^) 

_ (5 _ 4^)2^4 ^ (-23) 

5r® - a^(ll + 4yPy - 

+2a^(10- llV^-4r)r^/2 

±(a^ - + r^)(20r^ + 4a^) 

1 -1 

16aV5/2 _ (5 _ , (24) 



where + and — signs correspond to the co-rotating and 
counter-rotating particles. 

In the Fig. |3] we have shown energy and angular 
momentum of the co and counter rotating orbits in the 
equatorial plane for different values of rotation parame¬ 
ter a. One can easily see the shift in location of the min¬ 
imal circular orbit (MC) marking the existence limit 
given by the photon circular orbit and the innermost 
stable circular orbits (ISCO). The MC and ISCO come 
closer to the hole with increase in a for co-rotating or¬ 
bits while opposite happens for counter rotating ones. 

The vanishing of denominator in the expressions for 
£ and C marks the location of photon circular orbit 
or MC while for ISCO we have dr/da = = 0 

and V/g{r) > 0. In Fig. |4] we have shown three re¬ 
gions as dark, light grey and white marking the bound¬ 
aries of stable, unstable and no circular orbits. The in¬ 
ner boundary of light grey is defined by photon cir¬ 
cular orbit and the white region bounded between it 


Fig. 4 The regions of stable (dark grey) and unstable (light 
grey) circular orbits. The black curve indicates the border of 
event horizon of 6-D Gauss-Bonnet black hole. 


and the horizon is the one where no circular orbits can 
exist. This is the region between 3M and 2M for the 
Schwarzschild black hole. As expected these regions are 
quite similar to that of the 4-dimensional Kerr black 
hole. 

At this point it may be mentioned that bound orbits 
cannot exist for Einstein gravity in dimensions > 4 [7] 
in general and in particular their non-existence is shown 
for 6-dimensional rotating black hole in Ref. [35]. For 
pure Lovelock gravity they do always exist in all even 
dimensions, d = 2N + 2 [7]. 
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Fig. 3 The radial dependence of energy (left) and angular momentum (right) squared of counter-rotating (upper plots) and 
co-rotating (lower plots) particle at circular orbits for the different values of parameter a = 0.1 (solid line), 0.3 (dashed line), 
and 3\/3/16 (dotted line). 





v/Af 


Fig. 5 Shadow of the rotating GB black holes when the inclination angle 9 = n/2. For the comparison we present the shadow 
of rotating Kerr black hole (dashed lines). From left to right, the rotation parameter scans as a = 0, aext/2, and next - Note 
that for the pure GB 6-D black hole next = 3\/3/16 as against Oext = 1 for the Kerr black hole. 


4 Black hole shadow 

In this section we study the optical properties of black 
hole in Gauss-Bonnet gravity. If the bright source is lo¬ 
cated behind black hole then a distant observer is able 
to detect only photons scattered away from the black 
hole, and those captured by the event horizon form a 
dark spot. This dark region which could be detected 
and extracted from the luminous background is tradi¬ 
tionally called the black hole shadow or silhouette. In 


practice, the distant observer at infinity could see a pro¬ 
jection of it at the flat plane passing through the black 
hole and normal to the line connecting it with the ob¬ 
server (the line of sight). The Cartesian coordinates at 
this plane, which are usually denoted by a and j3 and 
called celestial coordinates, give the apparent position 
of the shadow image. The celestial coordinates are con¬ 
nected with the geodesic equations of photons around 
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a 


a 


Fig. 6 Observables Rs and 5s as functions of the rotation parameter, corresponding to the shadow of black hole situated at 
the origin of coordinates with inclination angle 6 = 7r/2 and dimensions d: D = 6 (solid line) and d = 4 (dot-dashed line) 1361 
[37]. 



Fig. 7 Dependence of the energy emission from the frequency for the different values of spin parameter a: a/M = 0.1 (solid 
line), a/M = 0.3 (dashed line), a/M = a^xtr/M = 3\/3/16 (dot-dashed line). Left panel is for black hole in the Gauss-Bonnet 
and right panel is for 4D black hole in the Kerr space-time 1381 . 


black hole as [55] 


r ( 2 ■ 

a = lim —rnSmc/o-;- , 
ro^oo y dr J 

(25) 

P = lim rl ^ , 
ro^oo dr 

(26) 


with To —>■ c», 00 is the inclination angle between the 
line of sight of the far observer and the axis of rotation 
of the black hole [40] , also see [41] . 

Note here that a silhouette of the black hole is ob¬ 
served in 3-D space and here we would like to check the 
influence of the extra dimensions to the shape of the 
black hole shadow. 

With the help of the expressions for the impact pa¬ 
rameters derived in the Sec. |3] and the equations of mo¬ 
tion obtained from the Hamilton-Jacobi equation 
one can get d(j)/dr and dO/dr, and insert them into the 
equations (El]) and (l26l) in order to get the explicit ex¬ 
pressions for the celestial coordinates as 

a = —^ CSC 00 , (27) 

P = r] aP cos^ 00 — ^ cot^ 0o . (28) 

We will concentrate here on the special case when 
the inclination angle 0o = 7r/2 is similar to that for 


four dimensional Kerr space-time (see e.g. 

ESI). Then for the pure GB 6-D rotating black hole we 
have 

a = -e , (29) 

P = ±07 . (30) 

To get boundary of the black hole shadow one can 
plot dependence of the coordinate P from the coor¬ 
dinate a, see e.g. m- In Fig. (5] we compare shadow 
of six dimensional black hole in Gauss-Bonnet gravity 
with one of four dimensional Kerr black hole, which are 
shown for the different values of the rotation parame¬ 
ter a. The contours of the shadows of the Gauss-Bonnet 
black hole for the spin parameters a = 0, a = aextl‘^, 
and a = aext are shown in Fig. [5] One can easily see, 
photon sphere is decreased with the increase of spin of 
the black hole in Gauss-Bonnet gravity. This behavior 
is exactly the same as in the Kerr space-time. 

The observable parameters as distortion parameter 
5s and radius of the shadow Rs can be computed numer¬ 
ically using either the expressions dM]) and 0 or Fig. 
0 Distortion parameter 5s = AxjRs PTIES] , where Ax 
is deviation parameter which is distance between edge 
point of full circle and edge point of shadow |4T]. Gon- 
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sequently if rotation parameter is equal to zero a = 0 
then Ax must vanish. On the other hand, if we consider 
rotating black hole, Ax is nonzero and consequently 5s 
depends on spin of black hole. In Fig. | 6 l the observ¬ 
ables Ra and 5a as functions of the rotation parameter 
of the black hole are shown when the inclination an¬ 
gle 6*0 = 7 r/ 2 . From these plots one may conclude that 
with the increase of spin parameter a of the black hole 
in Gauss-Bonnet gravity shape of shadow is decreasing 
which is similar to the Kerr black hole case. The in¬ 
crease of 5a with the increase of rotation parameter a 
corresponds to deviation of the shape of shadow from 
circle. 


5 Energetics 


5.1 Emission energy of 6 D rotating black hole 


As the next step we plan to calculate energy emission 
from rotating black hole in higher dimensional Gauss- 
Bonnet gravity as m 


(PE{u)) 2tt^R^ 3 
dojdt e^/'^ — 1 ’ 


(31) 


where oj is the frequency of the emission, 

T = (r^ — 3a^) / ( 87 rr+(r^ -|- a^)) is the Hawking tem¬ 
perature for the Gauss-Bonnet black hole (for compar¬ 
ison, T = (r^ — a^) / ( 47 rr_|_(r^ -|- a^)) is the Hawking 
temperature of the Kerr black hole [33])) which can be 
computed from this expression T = k/2'K, k is surface 
gravity. Rs is radius of shadow which is shown in Fig. 
[3] for the second order Lovelock space-time [53] ■ 

The comparison of the energy emission of rotating 
black hole in Gauss-Bonnet and Kerr space-time for 
the different values of spin parameters a: a = 0.1 (solid 
line), a = 0.2 (dashed line), a = 0.3 (dot-dashed line) is 
represented in Fig. [T] The rate of energy emission de¬ 
creases as the rotation parameter increases. The emis¬ 
sion is more intense for the Kerr black hole as compared 
to GB one. 


5.2 Particle acceleration through BSW effect 


mo) have the energy at infinity Ei = E 2 — 1, and con¬ 
sequently 


Ecm = moV2yJl - ■ ( 33 ) 

Now using the equations (Ulll-lETI) we derive expres¬ 
sion for the center-of-mass energy of particles in colli¬ 
sion in the vicinity of the Gauss-Bonnet black hole as 
, 1 


2m? 


X ^0^(1 + 2y/r) -r^ - a(li + I 2 ) 

-^iZ2(v^-l) + 2r5/2-r^/2 

X \J — 2ali — — 1) + 

X \Ja? — 2 al 2 — — 1) + , 


(34) 


where we put M = 1 and h = Lijmi^ I 2 = L 2 /W 2 . 

For the extremal rotating Gauss-Bonnet black hole 
when a = 3-\/3/16 the center of mass energy at the 
horizon has the following limit 


Eln. 

2m? 


{r r+) 




/ 3^3-4^! ^ 

1 ^ 3 ^ 3 - 4/27 


/ 3^3 - 4/2 

1 ^ 373 - 4/1 


3 

(35) 


Now we study the maximal energy which can be ex¬ 
tracted through the BSW process m discussed in the 
Introduction from rotating Gauss-Bonnet black hole. 
For this purpose, first we need to study the energy of 
the test particle moving on the innermost stable circu¬ 
lar orbit. Then we define the coefficient of total amount 
of released energy of the test particle on shifting from 
its stable circular orbit with the radius Tc to the ISCO 
with the radius nsco ■ The energy release efficiency 
coefficient can be given as 


r; = 100 X 


E{rc) - E{r,a;co) 

E{r,) 


(36) 


The radial dependence of the efficiency coefficient rj for 
the different values of the rotation parameter a is shown 
in Fig.jSj The maximal energy extraction is for extremal 
black hole for which rj^co ~ ’’’h so we obtain the 
maximal limit as ry ~ 55.28%. 


Here hrst we define the energy Ecm in the center of 
mass of system of two colliding particles with energy at 
infinity Ei and E 2 in the gravitational field described 
by spacetime metric (l3|) as 

EL = P“tot)P(tot)a , (32) 

where = ^“ 3 ^ + p^ 2 ) total momenta of par¬ 

ticles 1 and 2 with the mass mi, m 2 , respectively. We 
assume that two particles with equal mass (mi = m 2 = 


5.3 Penrose process 

The existence of an ergosphere around the rotating black 
hole, where negative energy states for the particles mov¬ 
ing along the timelike or null trajectory present, gives 
us opportunity to consider the energy extraction from 
the rotating black hole through Penrose process. As¬ 
sume a small particle A falls down into the ergosphere 
of the black hole from far outside. In the vicinity of the 
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r 

Fig. 8 The radial dependence of energy extraction efhciency 
for the different values of the rotational parameter: a = 0.1 
(dot-dashed line), a = .3 (dashed line), and a = 3-\/3/16 (solid 
line). 


event horizon it splits into two fragments, B and C. If 
particle B with the negative energy with respect to in¬ 
finity falls into the central black hole then the emergent 
particle C has the energy exceeding the energy of the 
incident particle A. 


Next we discuss the energy extraction efficiency from 
Gauss-Bonnet black hole through Penrose process. As 
in the case of BSW process we introduce the coefficient 
of efficiency of the Penrose process as 

VP = X 100 , (43) 

where Ea is the energy of the incident particle and Eq 
is that of the emergent outgoing one. Using the energy 
conservation law for the particles A, B and C one can 
find the maximal value of rjp in the form 


VP{max) 


( Vi + gtt +1)/2 — 1 


X 100 . 


(44) 


Evaluating this expression near the event horizon of 
extreme rotating Gauss-Bonnet black hole one can find 
the maximal efficiency of the value of 25.8%. Note that 
the energy extraction efficiency for the Penrose process 
in the case of extreme rotating 4-D Kerr black hole was 
found to be 20.7% [IHIIT!!] . 


6 Discussion 


aE^-2/3E + -f+^{p^f + Eip^f 

+r^ cos^ 0{p^Y + = 0, 


(37) 


where we have used the following notations 
a = E {a^ + 2a^r^ + — a^Asin^ 9) r~^, ( 38 ) 

/3 = -2M^I'^ar^l'^LEr-^, ( 39 ) 

_ L^r(a^sin^6)-Zl) W'^ 

r sin® cos^ 9 sin^ i/; ’ 

r = a^[{a^ + r'^f + - Mr^] sin^ 9 

-A{a^+ r^f - a^AsYA^9 . (41) 

As the particle falls inside the event horizon the 
change of the mass of central rotating black hole de¬ 
fined as 5AI = E. In principle one can increase the mass 
of the black hole increasing the number of the infalling 
test particles with positive energy. The minimum value 
of the central black hole mass 5M is achieved for con¬ 
dition when m = 0, p® = 0, = 0, and p^ = 0. Then 

one can get the expression for the minimum energy: 

= Q{r+)C , (42) 

where we have used the notation 


12 (r+) 


503 


533 


r—rjf. 


2aMi/2r-^/2 

fj2 _|_ 


using the values of the mass of the particle and mo¬ 
menta for the minimum condition. 


The elemental feature of pure Lovelock gravity is that 
gravitational dynamics in all odd and even dimensions 
is similar. That is why it is expected that physical pro¬ 
cesses and effects around a 6-dimensional rotating pure 
GB black hole would be similar to that of 4-dimensional 
Kerr black hole. It should however be admitted that the 
black hole metric we have considered has all the desired 
features of a rotating black hole but it is though not an 
exact solution of the pure Lovelock vacuum equation. 
It does however satisfy the equation in the leading or¬ 
der which is computed as follows. Since metric goes as 
Riemann tensor will go as and then GB 

Ricci tensor will go as r“®. For the black hole metric 
(2), GB Ricci tensor in fact falls off as r“^, two powers 
sharper. It could therefore be taken as a good model 
for describing a rotating pure GB black hole. 

As gravitational potential is weaker than Einstein 
gravity, its effects are reflected as follows. The efficiency 
of Penrose process decreases and it is reduced to 7.74% 
(it is equal to is 29% for the 4-D Kerr black hole) while 
the opposite is effect on particle acceleration efficiency 
which is increased to 55.28% (it is equal to 46% for 
the 4-D Kerr black hole). The center-of-mass energy 
rapidly grows for a collision of particles falling from 
infinity into rotating GB black hole in the case when 
the circular orbits shift arbitrarily close to the horizon. 
The optical shadow of black hole also decreases as lesser 
number of photons get captured because of weakening 
of the field. All these results are in on the expected lines 
on physical grounds, and hence they provide strength 
to validity and viability of the spacetime metric used. 
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In other way, this study could be looked upon probing 
the metric in question for its in principle physical and 
astrophysical validity. 

We had set out to study various physical properties 
of a pure GB rotating black hole and show that they 
are indeed similar to the rotating black hole in the usual 
four dimensional physical spacetime. All this is in line 
with the pure Lovelock gravity paradigm m in higher 
dimensions. 
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